Information gathering and analysis by the Internet of Things (IoT) is operating in fields as diverse as environmental management, industry, and healthcare 1 . This work relies on devices such as small actuators and wireless sensors that need a power supply 2 . As the IoT expands, the demand for sensors will increase rapidly, but this expansion might be limited if each device is to have its own external power source, as this would increase the costs and labour involved with installation and maintenance 3 . Much research has therefore sought to develop energy-harvesting technology (e.g., thermoelectric 4,5 , triboelectric 6,7 , and piezoelectric 8-10 ) that can generate electrical energy from irregular energy resources such as light, vibrations, heat, and electric fields. This work reports a light pressure electric generator (LPEG) that converts enhanced radiation pressure into electrical energy. Its underlying principle of relying on light pressure is different from that of conventional piezoelectric power generation. The generator was fabricated by coating a thin Pb(Zr,Ti)O3 film on a wet-chemical-etched microvoid-shaped structure on the surface of a GaAs wafer and then depositing platinum. The surface plasmon phenomenon of its precious metal and microvoid structure enhanced the radiation pressure sufficiently to stimulate the piezoelectric material. The current, voltage, and charge were 2 μA, 0.04 mV, and 25 pC, respectively. This method provides versatile and cost-effective energy harvesting, and represents a potentially useful new way to power the IoT devices.
A promising unconventional energy source, usually dissipated as waste energy, is piezoelectric generation, which converts vibrations and pressure into electrical energy. Its advantages include high power density and wide applicability compared with other technologies 11 . Suitable vibrations are commonplace: human motion 12 , objects' vibrations 13 , and sound waves 14 can all provide energy, making piezoelectric generation a potentially efficient, simple, and inexpensive way of powering various IoT devices. However, some environments do not have the necessary movements or vibrations. An alternative energy source that can always be obtained in daily life is light. Solar cells represent the first technology that harvests electrical energy from the environment. However, they face the disadvantage of the manufacturing of solar cells being complicated, and the choice of materials is restricted to those with an energy band gap smaller than that of the light wavelength. An alternative way to harvest light energy uses radiation pressure to stimulate a piezoelectric material whereby the pressure exerted on a surface is caused by the exchange of momentum between it and the electromagnetic field of incident light. However, the radiation pressure of sunlight on Earth, about 4.6 μPa, is too weak to be useful. This greatly limits the potential for light to generate electricity in a piezoelectric material, and amplification is necessary if light is to be used as the only energy source.
The interactions and correlations between metal structures and light wavelength have been studied with various purposes, including the development of optical tunable filters 15 , extraordinary transmission 16, 17 , and optical amplification 18, 19 . Research into optical amplification has studied the relationship between metal structures and wavelength in devices such as optical tweezers 20 and optical antennae 21 . These studies have used the principle that the light intensity increases as a result of the surface plasmon phenomenon of light. However, fabrication of a microstructure device for optical amplification has difficulties in post-processing, such as coating a piezoelectric material and electrode processing, and is also expensive.
Therefore, we developed a light-condensing microvoid structure that can collect light in three dimensions and amplify it via surface plasmon phenomena. Fabrication of the structure was achieved by inexpensive wet-chemical etching a GaAs wafer and then building a LPEG with a metal-insulator-metal (Pt-Pb(Zr,Ti)O3-Pt/Ti) structure. We discovered that a thin Pb(Zr,Ti)O3 film can convert radiation pressure from energy irradiated from a laser into electricity, which is a new finding. Finite-difference time-domain (FDTD) simulation (Lumerical Inc.) and the COMSOL Multiphysics program (COMSOL Inc.) analysed the electric field and output voltage in the actual structure. This report of the electricity generation from radiation pressure using a structure of metal and Pb(Zr,Ti)O3 provides a mechanism that is potentially useful to the development of the IoT and furthers our understanding of the natural phenomenon whereby light, metal, and dielectric material work together to make energy. Fig. 1 (a) depicts the sample developed here, showing that power is generated when light passes through the microvoid. Wet-chemical etching the GaAs (100) wafer forms a volcanic-cratershaped structure with an elliptical frame structure on its top surface. This acts as a convex lens to condense light. The light intensity is further increased by the platinum surface in the microvoid, which forms a surface plasmon. We have experimentally demonstrated this concept for allowing light to stimulate a piezoelectric material. The time for the laser to reach the sample was controlled using a chopper, and measurements were performed at room temperature. Fig. 1(b) and (c) shows the scheme and a photograph of the measurement procedure. The inset of Fig. 1 (c) represents a top view of the completed sample comprising a metal-insulator-metal (Pt-Pb(Zr,Ti)O3-Pt/Ti) structure on a wet-chemical-etched GaAs wafer. The upper platinum was patterned to a 1 mm diameter, which was able to sufficiently contain the microvoid.
From the many available methods for selecting or fabricating microvoids, we chose etching to create a volcanic-crater-shaped structure. The incident laser photons apply radiation pressure when they hit a surface. The radiation pressure, P, is given by P = 2I / c = 2 2 2 ⁄ 0 , where I is intensity, c is the velocity of light, E is the electric field, and 0 is the permeability of free space. For the 10 mW laser used in this experiment, P = 4.24 × 10 −5 Pa, and was too weak to induce piezoelectric current. However, amplification of the radiation pressure inside the microvoid then allowed stimulation of the piezoelectric material. First, as the laser hits the metal surface, a surface plasmon is formed and the light intensity increases. The increased intensity of the light then applies a force to the surface metal, and the resulting radiation pressure is transferred to the internal piezoelectric material. This pressure polarizes the piezoelectric material and generates electricity. Fig. 2 (f) shows the perovskite structure deformed by radiation pressure. This is fundamentally the piezoelectric effect, but the pressure source is amplified light.
For comparison, the current and voltage were measured for samples otherwise similar to that in Fig. 2 but containing amorphous SiO2 instead of the piezoelectric material or lacking the microvoid. The results of the former comparison case show no jump in current when the laser passed the microvoid ( Fig. 3(a) ) because the amorphous SiO2 is not a piezoelectric material. The latter case employing a piezoelectric Pb(Zr,Ti)O3 layer in a flat structure ( Fig. 3(b) ) also showed no jump in output current, as the radiation pressure with the 10 mW laser was insufficient to stimulate the piezoelectric material. However, clear jumps of 2 μA (see Extended Data Video 3) and 0.04 mV were observed when the structure incorporated both a microvoid shape and Pb(Zr,Ti)O3 (Fig. 3(c) and (d) ). In addition, the charge amplifier gave 25 pC (Extended Data Fig. 1 and see Extended Data Video 4). These results are consistent with the proposed principle in Fig. 2(e) and clarify the cause of output generation.
Simulations further characterised the trends of the enhanced electric field and the potential distribution in the three-dimensional microvoid structure on the (x-y) and (y-z) planes. The structure and conditions of the FDTD simulation are shown in Extended Data Figs. 2 and 3 . The FDTD analysis is fundamentally based on Maxwell's equations, thus allowing the electromagnetic field properties of complex structures to be studied. The FDTD results for the electric-field distribution in Fig. 4 confirm that light resonates and amplifies in the microvoid structure ( Fig. 4(b) and (c)), compared with a flat structure ( Fig. 4(a) ). The 2D COMSOL simulation was based on the calculation of radiation pressure through the behaviour of light inside the microvoid and the electric field from the FDTD data. The direction and range of radiation pressure were applied with reference to the FDTD data (Extended Data Fig. 4) , and the magnitude of radiation pressure was applied by converting the value of the electric field acting on the surface. Fig. 4(d )-(f) shows the greater potential of the microvoid structure compared with the flat structure. These data strongly support the results shown in Fig. 3 . The potential distribution for the entire structure in the (x-y) and (y-z) planes is shown in Extended Data Figs. 5 and 6, respectively. This work proposes a new light-based method for inducing piezoelectric current in Pb(Zr,Ti)O3. Although various generators have used this material, no prior research has demonstrated its stimulation by light (photons). Daylight or common lasers (1 W, ~nN) do not usually have sufficient radiation pressure to stimulate piezoelectric materials, but the resonance and amplification of light demonstrated here using an etched GaAs microvoid allow its conversion to piezocurrent. A single microvoid structure of several hundreds of micrometers obtained a power of 2 μA, 0.04 mV, and 25 pC from a low incident laser power of 10 mW. Optimization of the size, number, and shape of the microvoid structure might increase the output, making this structure potentially very useful. In particular, a LPEG using this principle could power wireless sensors and portable electronics as a new class of self-powering technology that harvests electricity from the environment. Fig. 1 (c) shows a top image of a real sample; the scale bar represents 1 mm. Fig. 2 (b) ); the thickness of Pb(Zr,Ti)O3 is 400 nm. Both sides of Pb(Zr,Ti)O3 are covered with electrode. d, Lower part in the microvoid (labelled 'd' in Fig. 2 (b) ); the thickness of Pb(Zr,Ti)O3 is 1 μm thicker than in the upper part. e, Design and structure of the device. The GaAs microvoid structure has a Pb(Zr,Ti)O3 thin film on the lower electrode (Pt/Ti) and the upper electrode is platinum. The electrodes are directly connected to an external load (left side). The light pressure increases due to the surface plasmon phenomenon in the area of laser illumination. Pb(Zr,Ti)O3 induces polarization (right side). f, Atomic structure of the perovskite before and after laser irradiation. FDTD simulation results of the cross-sectional electric field intensity distribution when irradiated with 401 nm light for a, the x-y plane in a flat structure; b, the x-y plane in a microvoid structure; and c, the z-y plane in the microvoid structure (logarithmic scale). The microvoid structure was modelled using 3D CAD, and the material of the simulated structure was platinum. COMSOL simulation results of cross-sectional potential distribution for d, the x-y plane in the flat structure; e, the x-y plane in the microvoid structure; and f, the z-y plane in the microvoid structure for the red rectangle in (a)-(c), respectively. The microvoid structure was made based on the sample using 2D CAD.
METHODS
Device fabrication. Wet-chemical etching was used to fabricate the GaAs microvoid structures 22 . Extended Data Fig. 7 presents the device manufacturing process. The photolithography pattern was formed using a 50 μm circular photomask. Each fabricated structure was covered with a Pt/Ti (100 nm / 10 nm) base electrode deposited by e-beam evaporation. Commercially available 0.4 M PZT solution (Quintess, Incheon, Korea) was used to fabricate a thin PZT film (Extended Data Fig. 8 ) on the Pt/Ti/etched GaAs (100) wafer. The PZT solution was spin coated at 3000 rpm for 45 s, followed by pyrolysis on a hot plate at 250 °C with a soak time of 5 min. The PZT film thickness was ~120 nm after a single deposition step; deposition was repeated four times resulting in a film thickness of over 400 nm showing reasonable resistance (minimum ~kΩ). The thin pyrolyzed PZT films underwent rapid thermal annealing at 650 °C for 5 min. Extended Data Fig. 9 presents the piezoelectric constant of the Pb(Zr,Ti)O3 thin film. The platinum layer of the top electrode was then patterned with a shadow mask at a thickness of 100 nm using the same method as for the base electrode.
Computational details. The FDTD simulations considered the following conditions (Extended Data Fig. 3 ): the FDTD region, the electric-field monitor, the light source, the movie monitor, and the object. 1) The top and bottom layers of the FDTD region absorb light fully without reflection, meaning that they are perfectly matched layers, and an asymmetric boundary condition was applied because the structure is symmetrical about the y-axis. The simulation time of 10,000 fs was sufficient to simulate the exact plasmon phenomenon. 2) The electric-field monitor was set up to contain enough of the object, and mesh sizes of 1 nm × 1 nm ( Fig. 3 (b) , inset) and 7 nm × 7 nm ( Fig. 3(c) , inset) were applied. 3) A total-field scatteredfield source of wavelength 401 nm propagated along the y-axis at the top of the object. 4) The movie monitor checked the path of light moving in the structure in real time and was set to include enough of the structure. 5) The GaAs microvoid structure was set to platinum, the material that meets the light in the actual sample. The COMSOL simulation considered the object and the pressure: 1) Objects were fabricated using 2D CAD, and each layer was set up identically to the real material; and 2) the pressure was converted based on the electric-field values in the FDTD simulation and applied differently for each part.
Measurements. Currents were measured using a 6485 picoammeter (Tektronix, Cleveland, United States) by blue laser (LS Korea, Incheon, Korea), and charge data were measured using a 5015A charge amplifier (Kistler, Winterthur, Swiss) by the same source. Voltage data were measured using a sourcemeter system (Tektronix, Cleveland, United States). The laser spot size was approximately 7.85 × 10 −7 m 2 , and measurements were taken at room temperature. The thickness of the films was monitored by a Mira-3 FE-SEM (TESCAN, Brno, Czech) at 20 kV in cross-sectional view.
